ABSTRACT: Some patients do not have an adequate clinical response to total hip arthroplasty (THA) for reasons that are not fully understood. Identifying modifiable factors that are associated with nonresponse could lead to new ways to identify and treat potential nonresponders. This study investigated whether any preoperative gait characteristics were associated with THA clinical response, and whether or not there were corresponding postoperative gait differences in THA nonresponders compared to responders. A secondary analysis was conducted of 124 subjects (age 61 AE 10 years; 64 female/60 male), evaluated before and 1 year after primary unilateral THA, using quantitative gait analysis and Harris Hip Scores (HHS). Responders and nonresponders were identified using the OMERACT-OARSI responder criteria, modified for use with the HHS. Pre-and postoperative dynamic sagittal plane range of motion (ROM) and 3D peak external moments were compared, for responders and nonresponders, using t-tests and logistic regression. 11.3% of subjects were nonresponders. Before surgery, the ROM was 26% higher for nonresponders than responders, but the peak external rotation moment was 30% lower (p ¼ 0.003-0.043). Preoperative gait and HHS predicted response with a sensitivity of 71.4% and a specificity of 99.1%. There were persistent postoperative deficits in the peak external rotation moment in nonresponders compared to responders (p ¼ 0.028). This study showed that gait analysis, where available, can augment clinical scores in predicting THA response. Moreover, it suggests that further analysis of the subtle role of transverse plane hip mechanics could lead to interventions to promote better THA response. ß
Total hip arthroplasty (THA) is successful at relieving pain and restoring function for a majority of patients, but not all. In recent years, response criteria have been developed to set benchmarks for the clinical success of osteoarthritis interventions. [1] [2] [3] Depending on the benchmark used, as few as 57% to as many as 95% of patients can be considered to have a successful result. [3] [4] [5] Given that over 300,000 THAs are performed each year in the United States alone, 6, 7 and that an estimated 2.5 million people (as of 2010) have had THA, 8 the raw number of THA nonresponders is large even based on the most optimistic estimates. Nonresponse to THA can impose both individual and systemic costs. Poor THA outcomes are associated with increased revision rates and other complications including infection and dislocation. 9, 10 As payors and other stakeholders are becoming increasingly concerned with value, quality, and patient satisfaction, 11 it is important to have a comprehensive understanding of the factors that are associated with or predictive of nonresponse to THA.
Most factors associated with THA nonresponse are not modifiable and consequently do not lend easily themselves to interventions. These include: Sociodemographics (e.g., education level), 4, 12 patient characteristics (e.g., female sex, 13 older age, 4,14,15 comorbidities or trauma, 5, 13, 15 ), and psychosocial factors (e.g., preoperative expectations 16, 17 ). Having worse preoperative pain or better preoperative function are risk factors for nonresponse. 5, 13, 15, 17 This is an apparent paradox because pain and self-reported function are often correlated, 18 and so it is not clear why they should have opposing relationships with response. One problem is that these studies typically analyze self-reported functional measures. Function can be objectively and specifically characterized using quantitative gait analysis. Many studies have shown that gait mechanics do not fully return to normal after THA. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] However, work linking gait mechanics to clinical outcomes is still emerging. We know that higher values of walking speed, 31, 32 stride length, 31 dynamic range of motion, and some external moments 33 are related to clinical improvement, but the relationship between gait mechanics and clinical response has not been investigated.
The purpose of this study was to evaluate pre-and postoperative gait mechanics for THA responders and nonresponders. The rationale was that if we knew whether or not preoperative gait differs in THA responders compared to nonresponders, and whether or not these differences persist after surgery, we could develop pre-or postoperative biomechanically based interventions to optimize function and clinical outcomes for the nonresponders. In this retrospective cohort study, the hypothesis tested was that preoperative sagittal plane dynamic range of motion and 3D peak external moments during walking can distinguish THA responders and nonresponders, and that preoperative gait differences between responders and nonresponders persist after surgery.
METHODS

Subjects
This was a retrospective analysis of data from a series of prospective longitudinal studies. Some of the findings from these studies have been previously published. 20, 23, 33, 34 An IRB-approved data repository was used to identify subjects who were evaluated with motion analysis both preoperatively and 1-year following primary unilateral THA. All subjects were originally enrolled in IRB-approved prospective studies of gait function before and after THA. The primary inclusion criterion for the original studies was candidacy for primary unilateral THA. Exclusion criteria included inflammatory arthritis, prior surgery to the affected hip, musculoskeletal conditions involving any other lower extremity joints or low back, self-reported medical conditions that affect gait. For this analysis, subjects were included if both pre-and postoperative gait and clinical data were available in the database.
Gait Analysis
Gait analysis was conducted using standard published methods described in detail elsewhere. 35, 36 Briefly, reflective markers were placed along bony landmarks of the leg. Markers at the head of the 5th metatarsal, lateral malleolus, calcaneus, lateral knee joint line, greater trochanter, and iliac crest were used to identify the proximal and distal ends of the segments. Anthropometrics were used to identify joint centers. Subjects walked at self-selected normal walking speeds along a 10 m walkway. A multicomponent forceplate (Bertec, Columbus, OH) was used to record the location and magnitude of the ground reaction force. An optoelectronic camera system was used to record the position of the markers (Qualisys AB, Gothenberg, Sweden). Custom software developed in-house was used to calculate joint angles as well as external moments about the hip, knee, and ankle, using standard inverse dynamics. The variables of interest here were the dynamic sagittal plane hip range of motion during gait (peak flexion-peak extension) and the peak external moments about the affected hip. Selected variables were averaged from all available normal speed walking trials.
Clinical Outcome Measures and Responder Criteria
Clinical status was assessed using the Harris Hip Score (HHS). This is a surgical outcome instrument that has been shown to be valid and reliable in assessing THA outcomes. 37 In our lab, the HHS was administered by study personnel before each gait test. The instrument consists of questions about pain, function and ADLs, and a physical assessment (e.g., passive range of motion restrictions). Pain and function are most heavily weighted in the scoring. The maximum score is 100. By convention, postoperative scores of 70 or above are considered fair, scores of 80 or above are considered good, and scores of 90 or above are considered excellent.
There are several ways of dichotomizing THA responders and nonresponders. Examples include patient acceptable symptom state, 38 minimum clinically important difference, 4, 38, 39 minimum important difference (MID), 4, 5 and "return to normal." 4 A drawback of these is that responder status is assigned to an individual subject based on their individual gains relative to either the improvement or the baseline status of the particular group being studied. An alternative to these cohort-dependent methods is the Outcome Measures in Rheumatology and Osteoarthritis Research Society International consensus responder criteria (OMERACT-OARSI). 1 The OMERACT-OARSI criteria assign responder status based on relative change in the Western Ontario McMaster Osteoarthritis Index (WOMAC) scores compared to benchmarks determined by statistical analyses and expert consensus. The OMERACT-OARSI criteria were selected for this study, because they are not dependent on the characteristics of the subject cohort. This was important for this retrospective study, because of any potential selection bias inherent in the study design. Using non-cohortdependent benchmarks should maximize generalizability.
The OMERACT-OARSI criteria are improvement in pain or function of at least 50% and absolute change of at least 20 points; or two of the following: Improvement in pain of at least 20% and absolute change of at least 10 points, improvement in function of at least 20% and absolute change of at least 10 points, or global improvement of at least 20% with absolute change of at least 10 points. 1 Because WOMAC scores were not available for these subjects, responder status was determined using the HHS. Soderman and Malchau 37 compared content validity, construct validity, and other clinimetric properties for the HHS and WOMAC. They found satisfactory correlations between the total WOMAC score and the total HHS, and between the corresponding pain and function scores for both instruments. Based on these findings, the HHS pain and function (gait þ ADLs) subscores were used in place of the WOMAC pain and function subscores. In the responder criteria, the cut points for the WOMAC pain and function subscores were scaled to the maximum values of the corresponding HHS subscore. Change in total HHS was used to indicate global improvement. The resulting adapted OMERACT-OARSI responder criteria were as follows: Improvement in pain or function !50% and absolute change of at least 8.8 points for pain and 9.4 points for function; or two of the following: Improvement in pain of at least 20% and absolute change of at least 4.4 points, improvement in function of at least 20% and absolute change of at least 4.7 points, or global improvement of at least 20% with absolute change of at least 10 points.
Statistical Analysis
Statistical analysis was conducted using IBM SPSS Statistics V.22 (IBM Corporation, Armonk, NY). Subjects were first grouped in to responders and nonresponders based on the criteria above. A bootstrapping procedure was used to calculate 95% confidence intervals for the mean number of subjects in each group. 40 Next, differences in age, sex distribution, BMI, and preoperative HHS were assessed using t-tests. Next, t-tests were again used to determine whether preoperative gait variables differed between the two groups. Next, forward stepwise logistic regression was used to determine whether a combination of baseline patient factors (age, sex, BMI, and preoperative HHS) and preoperative gait variables could distinguish responders and nonresponders. Regression coefficients, with 95% confidence intervals, and odds ratios were computed, along with the sensitivity and specificity of the final models. Finally, t-tests were used again to determine whether or not postoperative gait variables differed between the two groups. Confirmation of the hypothesis was represented by any preoperative gait variables with statistically significant contributions in the final logistic regression models, and postoperative t-tests demonstrating persistence of these differences after THA.
RESULTS
One hundred and forty-five subjects had both pre-and postoperative gait data available in the repository. Fourteen were excluded because preoperative HHS forms were not found or were incomplete and could not be scored. Seven remaining subjects had missing GAIT MECHANICS AND THA RESPONSE or incomplete postoperative HHS forms. This left 124 subjects available for this analysis. 110 subjects or 88.7% (95%CI 82.9%, 94.2%) were classified as responders and 14 subjects or 11.3% (95%CI 5.8%, 17.1%) were classified as nonresponders (Table 1) . There were no statistically significant differences in age, sex distribution, or BMI between responders and nonresponders (Table 1) . Compared to nonresponders, responders had lower (worse) total HHS, as well as lower HHS pain and HHS function subscores before surgery, and better total HHS, and HHS pain scores after surgery (Table 1) .
In t-tests, one preoperative gait variable differed between responders and nonresponders (Table 2) . First, the preoperative sagittal plane hip range of motion was 26% higher in nonresponders compared to responders (effect size ¼ 0.73, p ¼ 0.003). No other differences were statistically significant (p ! 0.121). In the logistic regression models (Table 3) , preoperative HHS alone was able to successfully classify 99.1% of the responders (specificity) but only 57.1% of nonresponders (sensitivity). However, the peak external rotation moment entered the model on the next step. Lower peak external rotation moments, together with preoperative HHS, identified clinical nonresponders with a sensitivity of 71.4% and a specificity of 99.1%. The external rotation moment was 19% lower in the nonresponders compared to the responders (effect size ¼ 0.36).
After surgery (Table 4) , the hip range of motion was no longer statistically different between the two groups (p ¼ 0.350). However, the postoperative peak hip external rotation moment was 40% lower in nonresponders compared to responders (effect size ¼ 0.94, p ¼ 0.002). The peak flexion moment, which typically occurs immediately after heel strike and reflects net activity of the hip extensors, was 14% lower in the nonresponders compared to responders (effect size ¼ 0.50, p ¼ 0.046). The peak adduction moment was also 14% lower in the nonresponders compared to the responders (effect size ¼ 0.51), however this difference was not statistically significant (p ¼ 0.090). There were no other statistically significant differences between the groups (p ! 0.324).
To provide further context for interpretation, two additional analyses were conducted. First the magnitude of pre-to-postoperative gait change was evaluated for the two groups to determine whether or not responders statistically had more gait improvement than nonresponders. The rationale was that if there were no significant differences in gait improvement, it would help indicate that nonresponders were truly 
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FOUCHER different with respect to gait function, before surgery, rather than that THA and any postoperative rehabilitation that the patients underwent, had different effects in the responders and nonresponders. Based on t-tests, responders experienced more improvement in the sagittal plane hip range of motion, peak hip flexion moment, and peak external rotation moment (Fig. 1 ). There were no other statistically significant differ- Means with standard deviations (SD) and between group differences with 95% confidence intervals (CI) are shown. ences between gait changes for responders and nonresponders (p ! 0.055). Secondly, it was notable that eight of the nonresponders (57%) total, had preoperative HHS ! 80 (Fig. 2) . Scores of 80 or above are considered to be a good to excellent after surgery, 37 so the importance of a nonresponder designation in these patients was unclear. For this reason, pre-and postoperative gait variables were compared between responders with high (HHS ! 80) versus low (HHS < 80) scores to determine whether any objective functional differences were present (Fig. 3) . t-tests revealed that low preoperative scoring nonresponders had peak external rotation moments that were 42% less than those seen in the high preoperative scoring nonresponders; the effect size was large (1.2), but this difference was not statistically significant at the 0.05 level (p ¼ 0.057). Notably, the preoperative range of motion was not different between high-and low-scoring nonresponders (p ¼ 0.544). No other comparisons were statistically significant (p ¼ 0.296-0.838). After surgery, there were no statistically significant differences in any gait variable between the two groups of nonresponders (p ¼ 0.277-0.958).
DISCUSSION
The purpose of this study was to determine whether gait mechanics differed between clinical responders and nonresponders to THA. The rationale was that identifying biomechanical differences between these groups could suggest future rehabilitation interventions that could be used to improve response. A priori, it was not known whether or not the nonresponse rate for these subjects would mirror those seen in population-based studies. These subjects were prior participants in biomechanical studies, were selected to have no other joint involvement and all underwent care at high-volume centers. Nevertheless, 11.3% of this cohort were nonresponders. This was in line with nonresponder rates of 5-15% in the literature. [3] [4] [5] As Means with standard deviations (SD) and between group differences with 95% confidence intervals (CI) are shown.
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FOUCHER expected, preoperative HHS was highly predictive of responder status. However, in support of the hypothesis, two preoperative gait variables were also able to statistically identify nonresponders, with reasonable sensitivity and excellent specificity. In the case of the peak external rotation moment, the preoperative deficit in the nonresponders compared to responders persisted after surgery. The preoperative sagittal plane hip range of motion was higher in nonresponders compared to responders. Once preoperative HHS, which was also higher in nonresponders, was accounted for in regression models, however, the range of motion was not predictive of response status. We have also reported, using a subject cohort that overlaps this one, that preoperative HHS is significantly correlated with the dynamic sagittal plane hip range of motion. 33 Others have shown that people with higher clinical scores are more likely to be nonresponders or have less relative improvement after THA. 5, 13, 41 Thus, this finding suggests that some patients who may appear to be better off before surgery, in terms of either gait, or sagittal plane range of motion, might actually need more attention to reach their full or desired level of After accounting for preoperative Harris Hip Scores, lower preoperative peak external rotation moments predicted THA nonresponse. The preoperative hip external rotation moment was 19% lower in nonresponders compared to responders. This gait variable, which peaks in midstance, must be balanced by muscles that internally rotate the hip (femur with respect to pelvis), while it is in a slightly flexed to neutral position. Based on anatomical and functional studies, the gluteus medius, specifically its anterior portion, is primarily responsible for this action. 42, 43 The hip adduction moment, which is typically considered to reflect hip abductor function, was not different between the two groups. This moment, however, can be balanced by the tensor fascia latae during walking. 43 Thus, deficits in the external rotation moment may indicate abductor impairment that is specific to the gluteus medius, and even specific to its anterior component. The preoperative deficit in the external rotation moment, compared to responders, persisted after surgery. Using manual muscle testing, we have previously reported that preoperative abductor muscle strength is associated with postoperative improvement in the external rotation moment. 28 The present findings strengthen the notion that deficits in the transverse plane role of the hip abductors may help identify people who could benefit from extra abductor rehabilitation after surgery, and that these approaches should target the rotational function of these muscles.
The association between preoperative transverse plane kinetics and THA response may also have implications for determining which surgical approach may be appropriate for a given patient. Transverse plane kinematic and kinetic differences have been observed among THA patients who underwent THA using different surgical approaches. 44, 45 If, based on the present findings, patients with preoperative gait deficits in the transverse plane are more vulnerable to having less improvement in clinical scores, it may follow that these patients would be better served by THA approaches that do not further traumatize the anterior portion of the gluteus medius. This notion is speculative at this point, but may be a useful avenue for future work as new ways to provide the best individualized patient care are sought.
Responders experienced more improvement in sagittal plane gait mechanics, specifically the hip range of motion and peak flexion moments, than the nonresponders. However, because the preoperative range of motion was actually larger in the nonresponders, the result was that nonresponders had similar postoperative sagittal plane range of motion and lower flexion moments than nonresponders. It is important to note, however, that neither group (on average) achieved the minimum clinically important value for hip range of motion recently proposed, 29 and that the range of motion for both groups was at the lower end of values generally reported for people after THA (30 À 40˚). 19, 21, 22, 25, 27 Sagittal plane ROM for control subjects in the literature ranges from $38˚to 51˚). 19, 21, 22, 25 so there was room for improvement for many of these patients to reach "normal" regardless of their clinical response status. Conversely, the peak flexion moment is not typically found to be reduced in postoperative THA subjects compared to healthy subjects, 22, 23 and so far has not been linked to clinical outcome measures. 33 Moreover, the activity of the hip extensors, which act to balance the external flexion moment, is not consistently shown to be abnormal after THA. 25, 26 For these reasons, the clinical importance of the lower flexion moments in the nonresponders is not immediately clear.
In this patient group, it was noted that half of the nonresponders were categorized as such because their preoperative scores were already so high that there was no room for improvement in the outcome measure. Because these patients had HHS values that are considered good to excellent both before and after surgery, one could reasonably question whether or not these patients were truly nonresponders. However, if high-scoring nonresponders were simply highly functioning overall, one would have expected to see higher values of gait variables before and after surgery in these subjects compared to low-scoring nonresponders. Instead, pre-and postoperative gait variables were not statistically different between the two groups of nonresponders. This suggests that the status of clinical nonresponse is still associated with altered gait function even when scores are high. On the other hand, despite the lack of statistical significance, the preoperative peak external rotation moment was higher for 
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FOUCHER the higher scoring nonresponders. Given the large effect size, it is possible that with a larger sample size this difference might have been statistically significant. This further emphasizes the link between transverse plane abductor function and clinical status, and suggests a potential role for a more specific evaluation of abductor function in perioperative management planning.
Strengths of this study include the availability of both pre-and postoperative gait and clinical information, and the large sample size. Even with the large total sample size, the proportion of nonresponders was small. The proportion of nonresponders was, however, comparable to other studies, and statistical methods were used to help mitigate this issue. Nevertheless, caution should be taken when interpreting the results. 
GAIT MECHANICS AND THA RESPONSE
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The heterogeneity of the group, with respect to surgical approach, rehabilitation methods, and other aspects of perioperative management is both a limitation and a strength. Although some studies suggest advantages of posterior approaches in certain functional outcomes, 46 ,47 most studies involving head-tohead comparisons of gait mechanics after different surgical approaches do not show differences. 23, 24, 27, 44 Similarly, no specific rehabilitation intervention appears superior to any other with respect to clinical outcomes, 48 and there are few if any studies that utilize quantitative gait analysis to evaluate different PT protocols after THA. So while, having more information about surgical approach and rehabilitation methods for these patients may have provided additional useful context, it is not likely that the overall conclusions would have differed. Also, this study along with related previous findings from our group, 28 and from the clinical literature, 4,5,13,15-17 including findings from population-based studies with more heterogeneous samples, suggests that preoperative functional status is a major determinant of postoperative outcomes regardless of these other factors. This further mitigates the impact of lack of information on the operative and postoperative treatment of these subjects. The heterogeneity of the present subject group can be seen as a strength, however, because it means that the findings may be more likely generalizable to other THA populations. A second limitation is that the HHS was used to determine response status, rather than the WOMAC, the instrument for which the response criteria were originally designed. While the HHS has been shown to be reliable and valid in the evaluation of THA outcomes, 37 it may have ceiling effects that prevent it from capturing deficits in higher levels of function. 49 With WOMAC scores, the number and type of nonresponders may have been slightly different. However, the number of nonresponders seen here was in line with other studies. [3] [4] [5] Also, a previous study comparing different methods of categorizing response found considerable overlap when different criteria are used. 4 Finally, it should be noted that this analysis was not designed to identify the "best" explanatory statistical model. It has been noted that certain approaches to variable selection can introduce unwanted bias; stepwise methods can be particularly problematic. The reader should be cautioned that other variable selection methods could have yielded statistically significant, yet different, final models and also that the models reported here only apply to the selected population. Despite these limitations, however, this study is an important step towards identifying the biomechanical correlates of poor clinical outcomes and ultimately toward developing new rehabilitation interventions.
In conclusion, this study demonstrated that preoperative HHS, hip range of motion and peak external rotation moments, together can identify subsequent THA nonresponders with sensitivity of up to 71.4% and a specificity of up to 99.1%. The postoperative persistence of the deficit in the peak external rotation moment, along with previous work linking improvement in this gait characteristic to clinical improvement, 33 suggests that improving transverse plane function of the hip abductors could be an avenue to improved functional and clinical response. Finally, the similarity in gait between high-and low-scoring nonresponders emphasizes that nonresponse is meaningful even in the context of high absolute scores. While prospective studies are needed to validate the present findings, this study suggests a potential role for objective gait analysis or other associated biomechanical evaluations to aid in the perioperative management of THA, and suggests strategies for postoperative rehabilitation interventions to improve outcomes for nonresponders.
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